INTRODUCTION
A single mammalian neuron maintains as many as thousands of input synapses and integrates combinations of activity from these inputs in time to determine the probability that it will fire an action potential at any given moment. This input-dependent computation occurs for every neuron continuously over time, and forms the basis for the diverse and complex computations performed by neuronal networks throughout the brain (Somogyi et al., 1998) . Each single neuronal network exists in a tangled web of as many as trillions of connections between billions of neurons spanning the entire brain, confounding attempts to identify detailed circuits and relate circuits to functions in vivo. We sought to overcome this logistical barrier and facilitate the direct analysis of the fine-scale structure and function of single neuronal networks by developing and validating a robust and reliable technique to target a single neuron and its monosynaptic inputs for independent gene expression and detailed cell labeling both in vitro and in vivo. Identifying and genetically targeting single neuronal networks in vivo with single-cell resolution will hasten our understanding of the link between connectivity and function of given neuronal networks in the intact brain. Targeting a single neuron and its direct inputs for gene expression provides a means to probe and manipulate neuronal spiking behavior and draw cause-effect relationships between presynaptic and postsynaptic activity. Furthermore, it can be used to determine the role of specific proteins in the inputdependent synaptic development and computation of single neurons. Here, we demonstrate a strategy for robust and efficient single-microcircuit targeting. We exhibit the utility of the technique by mapping monosynaptic inputs to single layer 2/3 pyramidal neurons in mouse neocortex, in vivo. We identify a variety of cell types that directly connect to these neurons, including local inputs predicted by other methods, and more distant inputs described here.
To date, the most detailed studies of brain microcircuitry have relied on multiunit recordings in brain slice preparations. These studies have begun to draft a map of connectivity distributions between several distinct neuronal cell types in different brain areas, and described fundamental mechanisms of information processing by single neurons (Brown and Hestrin, 2009a; Thomson and Lamy, 2007) . Moreover, these studies have revealed that even neighboring neurons connect to each other only in a minority of cases (Markram et al., 1997; Song et al., 2005; Thomson et al., 1993; . Nevertheless, the connections that are identified are not random; connections differ according to cell type and can form precise subnetworks (Brown and Hestrin, 2009b; Kampa et al., 2006; Kozloski et al., 2001; Lefort et al., 2009; Petreanu et al., 2007 Petreanu et al., , 2009 Song et al., 2005; Thomson and Lamy, 2007; Thomson et al., 2002; Wang et al., 2006; . However, the conclusions that can be drawn from these studies are limited because they do not examine the relationship between connectivity and function in the intact, functioning brain. Furthermore, slicing the brain severs connections with distant structures and between a significant population of nearby neurons (Stepanyants et al., 2009) . As a result, characterization of functional properties of synaptic connections or integration of inputs from multiple sources is limited to cell pairs that can be readily sampled, making it impractical to sample large populations of connected neurons, or connections that occur at low probabilities or originate from distant sources (Thomson and Lamy, 2007) . Slicing the brain also correlates with a substantial, rapid increase in synapse number compared to tissue fixed in vivo (Kirov et al., 1999) , and the effects of this rapid synaptogenesis on single-cell connectivity distributions are unknown.
To overcome these limitations and provide a means for studying the connectivity and function of single neuronal networks in the intact brain, we developed and implemented a method for determining the monosynaptic inputs to a single neuron in vivo. The method labels the fine-scale morphology of traced neurons, permitting detailed anatomical characterization, and also allows both a single neuron and its input neuron population to be manipulated genetically. Furthermore, the technique is applicable across neuronal cell types throughout the brain, and across species, and may be compatible with functional analyses of labeled cells. By tracing the inputs to single neurons within and across different neuronal cell classes and brain regions, it will be possible to answer many longstanding questions about fine-scale connectivity throughout the nervous system. Genetically targeting a single neuron and its input population should make it possible to study the function of different cell types and specific genes as they relate to connectivity, synaptic development, and information processing. For example, it may provide a means to probe and manipulate the function of neurons within a targeted network in combination with existing genetic technologies in order to understand how single neurons integrate their specific inputs in time to generate their unique output firing pattern. Modulating gene expression patterns of specific proteins in either the postsynaptic neuron or the entire targeted microcircuit makes it possible to test the roles of different proteins (e.g., specific ion channels or proteins related to synapse development and maintenance) on the input-specific computation performed by the postsynaptic neuron. Understanding how distinct cell types, particular genes, intrinsic cellular properties, and patterns of synaptic input influence information processing by neurons within identified microcircuits will provide insights into the basic mechanisms employed by the brain to perform the diverse computations necessary for its function.
Single-Cell Tracing Strategy
The single-cell tracing strategy we demonstrate here develops upon two foremost genetic technologies to target independent gene expression to a single neuron and its monosynaptic neuronal inputs: in vivo two-photon guided single-cell electroporation (Kitamura et al., 2008) , and a genetically engineered variant of rabies virus that restricts retrograde tracing to the monosynaptic inputs of a genetically targeted neuronal population (Wickersham et al., 2007b) .
Single-Cell Electroporation
Within the last decade, single-cell electroporation has been developed as an efficient transfection method of single cells in primary cell culture, brain slice culture, and, most recently, the living rodent (Kitamura et al., 2008; Rae and Levis, 2002; Rathenberg et al., 2003) . By balancing the parameters necessary to promote efficient gene delivery and optimize cell viability, these studies have demonstrated reliable and effective methods for transfecting single neurons with one or more genes across a variety of cell types, brain regions, and species (Haas et al., 2001; Judkewitz et al., 2009; Kitamura et al., 2008; Rathenberg et al., 2003) . Using single-cell electroporation, it has also been possible to knock down gene expression via RNA interference in single neurons in neocortical and cerebellar cell cultures (Boudes et al., 2008; Tanaka et al., 2009) , and to deliver dyes, calcium indicators, and activity modulators (e.g., channelrhodopsin-2, or ChR2) to study neuronal function in vivo (Judkewitz et al., 2009; Kitamura et al., 2008; Nevian and Helmchen, 2007) . The wide applicability of single-cell electroporation in manipulating single neurons throughout the nervous system makes it a powerful tool for targeting and studying single neurons. Here, we applied single-cell electroporation to transfect a single neuron with genes to target infection and transsynaptic spread of a monosynaptic, retrograde tracing rabies virus so as to isolate a single neuron and its direct presynaptic inputs for anatomical, functional, and genetic analyses.
Monosynaptic Tracing Rabies Virus
Wild-type rabies is a neurotropic virus that specifically infects neurons via their axon terminals and propagates exclusively in the retrograde direction-from a host neuron to its presynaptic inputs, making it a powerful, natural neuronal circuit tracer (Kelly and Strick, 2000; Ugolini, 1995) . Wild-type rabies has been used to map connectivity between a variety of cortical and subcortical brain areas in several species (Astic et al., 1993; Kelly and Strick, 2003; Nassi and Callaway, 2006; Ugolini, 1995) . In order to more precisely map neuronal connectivity at the microcircuit level, rabies virus has been modified in several ways to provide greater control over the infection and transsynaptic spread of the virus. A genetically modified version of the virus has been produced, deleting the rabies glycoprotein gene (G) from the rabies negative-sense RNA genome and replacing it with the gene for a fluorescent marker protein to limit transsynaptic spread and intricately label infected neurons (Wickersham et al., 2007a) . Expression of the glycoprotein gene on the surface of the virus is necessary for the rabies virus to infect other neurons, and confers the virus' characteristic transsynaptic infection (Mebatsion et al., 1996a; Wickersham et al., 2007a) . To restrict initial infection of the virus to a genetically targeted population of neurons, the glycoprotein was replaced on the surface of the G-deleted virus with an envelope protein from an avian virus (Wickersham et al., 2007b) . In that study, Wickersham et al. targeted a population of neurons in vitro for virus infection by biolistics transfection of the gene for the highly specific receptor TVA for the avian sarcoma and leukosis virus (ASLV-A) envelope protein EnvA (Lewis et al., 2001; Young et al., 1993) , which had been coated on G-deleted rabies virus by a pseudotyping strategy. Because mammalian neurons do not naturally express the TVA receptor, and thus are not normally infected by EnvAcoated virus, the EnvA pseudotyped G-deleted virus [SADDG-EGFP(EnvA)] only infected the neurons expressing the TVA receptor from biolistics transfection. By cotransfecting the gene for the rabies glycoprotein in the same neurons, the Gdeleted virus produced glycoprotein-coated virus particles in these neurons that were able to transsynaptically infect presynaptic neurons. Because the G-deleted virus did not carry the Neuron Targeting Single Neuronal Networks glycoprotein gene itself, and the gene was not transfected in the presynaptic neurons by any other means, the virus was trapped in the monosynaptic inputs to the originally infected neuron population, and did not infect further connections. Because the virus also expressed the gene for EGFP, all infected neurons were labeled in great detail. Cotransfecting the gene for a red fluorescent marker in the biolistics step labeled the postsynaptic neurons uniquely. Using this labeling to guide paired recordings between nearby presynaptic and postsynaptic neurons proved that the labeled neurons were functionally and monosynaptically connected (Wickersham et al., 2007b) .
Single-Cell Tracing Strategy: Method Paradigm
Here, we established a method for limiting initial infection of the EnvA pseudotyped G-deleted rabies virus to a single neuron both in vitro and in the living rodent, so as to target a single neuron and its monosynaptic inputs for interrogation in vitro and in vivo. By adapting protocols for single-cell electroporation and determining the parameters necessary for efficient in vivo expression of multiple electroporated genes and viral infection of a single neuron, we developed and validated a robust and reliable technique to genetically target and intricately label single neuronal networks in vitro and in vivo.
The single-cell tracing strategy relies on three steps (Figure 1 ). First, a single neuron is targeted for expression of three genes by single-cell electroporation of plasmid DNA ( Figure 1A ). The three genes encode for: (1) a marker fluorescent protein (XFP), (2) an avian virus receptor (TVA), and (3) the rabies glycoprotein (G). Second, 1-3 days later, only the electroporated neuron is infected with a G-deleted rabies virus, pseudotyped with the ASLV-A glycoprotein, EnvA ( Figure 1B ). This virus is termed SADDG-XFP(EnvA), and can be modified to encode a gene of interest in the glycoprotein locus (Wickersham et al., 2007a (Wickersham et al., , 2007b Mebatsion et al., 1996b) . The virus only infects the electroporated neuron and no other cells because the EnvA-coated virus requires the TVA receptor to mediate infection, and the electroporated neuron is the only cell expressing this receptor (Wickersham et al., 2007b; Young et al., 1993) . The virus replicates in the electroporated host neuron and uses the rabies glycoprotein expressed from the electroporated plasmids to retrogradely infect directly presynaptic neurons and label them with a unique fluorescent marker protein encoded in the rabies genome. The virus does not spread from these neurons to any further connections because these neurons lack the glycoprotein gene, which is necessary for transsynaptic infection. Lastly, after 3-6 days the tissue is fixed in paraformaldehyde and analyzed for fluorescent gene expression ( Figure 1C ). Here, we developed parameters for single-cell electroporation in brain slice culture and in vivo in the living rodent to introduce the three genes into single cortical neurons both in vitro and in vivo. We applied the EnvA pseudotyped G-deleted rabies virus [SADDG-XFP(EnvA)] to infect these cells and to transsynaptically label their direct, presynaptic inputs. Furthermore, we tested the reliability of the experimental strategy and robustness of cell labeling of proximal and distal inputs of varying cell type.
RESULTS

Tracing Monosynaptic Inputs to Single Neurons in Cortical Slice Culture
We established the single-cell tracing strategy in vitro by first targeting several neurons for single-cell electroporation in each cortical brain slice culture. A 10-12 MU patch pipette containing intracellular solution and plasmid DNA (pCMMP-TVA800 [75-150 ng/ml], pHCMV-RabiesG [50-100 ng/ml] and pCAGvenusYFP [50-100 ng/ml]) was advanced toward a cell body with a small amount of positive pressure applied until the resistance of the electrode increased by 20%-30%. At this point, the pressure on the pipette was released and electroporation pulses were delivered with the following parameters: À10V to À12V square 0.5-1 ms pulses at 100 Hz for 1 s. The single-cell electroporation parameters used here were adapted from (A) A single neuron is electroporated with plasmids (colored circles) coding for a fluorescent marker (e.g., pCAG-mCherry), the TVA receptor (pCMMP-TVA800), and the rabies glycoprotein (pHCMVRabiesG). (B) After 1-3 days, SADDG-XFP(EnvA) virus is applied to the tissue, and infects only the electroporated neuron, because no other cells express the EnvA receptor, TVA (red indicates electroporated marker expression; black symbols, TVA and rabies glycoprotein [G] ). As the virus replicates in the host neuron, it expresses XFP from the rabies genome, labeling the neuron (green in C; yellow, merge with electroporated marker). (C) After 3-6 days, the tissue is fixed with paraformaldehyde after time has elapsed for transsynaptic infection (dotted arrow) and expression of the rabies virus and the tissue is visualized with fluorescence microscopy. The virus only transsynaptically infects and labels direct monosynaptic, presynaptic inputs (green) to the original host neuron, and not secondary connections (red crosses) because rabies glycoprotein, which is necessary for transsynaptic spread, is expressed only in the electroporated neuron. The schematic shows the timeline and gene constructs used for the experiment in Figure 4 . a combination of parameters used previously for single-cell electroporation of plasmid DNA, using a novel set of plasmids (Kitamura et al., 2008; Rae and Levis, 2002; Rathenberg et al., 2003) . The pipette was withdrawn and exchanged if necessary, and another cell was targeted for electroporation. Slices were incubated for 24-48 hr after electroporation in order to allow time for gene expression. Then, 200 ml/well of SADDG-mCherry (EnvA) was applied to the brain slices. The slices were further incubated for 3-6 days to permit retrograde labeling by the virus, and then were fixed in 4% paraformaldehyde in phosphate buffer, antibody stained to increase fluorescent signal, and mounted on glass slides (See Experimental Procedures).
Visualized under epifluorescence microscopy, several slices contained 1-13 neurons labeled with YFP from the electroporation transfection. In most of these cases, these neurons also expressed mCherry from the rabies genome, and a dense cluster of mCherry-expressing neurons surrounded each electroporated neuron (Figures 2A and 2B ). The morphology of the traced neurons was labeled in great detail, as can be seen in the higher-magnification image in Figure 2B . These results are qualitatively similar to previous results demonstrating the monosynaptic tracing strategy in cortical brain slice culture using biolistics transfection of a sparse population of neurons in each slice (Wickersham et al., 2007b) . Unlike the previous report, which could not reliably target just one neuron, using singlecell electroporation made it possible to target a single neuron in a slice by electroporating only one cell per slice followed by applying the modified rabies virus 2 days later ( Figure 2C ). The ability to target a single neuron for transsynaptic, retrograde labeling provides a way to unambiguously determine the direct inputs to a single neuron. This is in contrast to the previous report, which required a second method to confirm connectivity between labeled neurons (e.g., paired recordings), because it was unclear which of the multiple biolistics transfected neurons was the postsynaptic partner for each transsynaptically labeled neuron. The labeling from electroporation was sufficient to follow the axons of electroporated neurons for several hundreds of microns across the slice, and the virus labeled presynaptic neurons up to several hundreds of microns away from the host neuron ( Figure S1 , available online). Overall, the transfection rate of single-cell electroporation for these experiments, determined by the expression of YFP in the fixed tissue, was 18.5% (22/119). Of these successfully transfected 22 neurons, 14 also expressed mCherry (64%), indicating viral infection, and transsynaptic spread occurred in all slices that contained dual-labeled neurons. The remaining neurons that (A) Twenty-one neurons were electroporated one by one with plasmids encoding venusYFP, TVA, and rabies glycoprotein in a single slice. Two days later, SADDG-mCherry(EnvA) was applied to the slice. After an additional 6 days, the slice was fixed in paraformaldehyde. Thirteen neurons expressed venusYFP from the electroporation transfection (green or yellow), and eight neurons were confirmed to show coexpression of both the electroporated and rabies markers (yellow). Approximately 1000 neurons were infected transsynaptically by the virus and expressed mCherry (red). (B) Higher magnification of box in (A) showing 5 out of the 13 transfected neurons (green or yellow) surrounded by a dense cluster of mCherry-expressing neurons (red). Four of these five neurons also showed mCherry expression (yellow). One neuron (white arrow, green) showed low expression of venusYFP and did not show expression of mCherry. (C) A different slice in which only one neuron (yellow) was electroporated with plasmids encoding venusYFP, TVA, and rabies glycoprotein in a single slice. Two days later, SADDG-mCherry(EnvA) was applied directly to the slice. After 4 additional days, the slice was fixed in paraformaldehyde. The electroporated neuron expressed both venusYFP (green) and mCherry (red), indicating successful transfection and virus infection (merged = yellow). Dozens of neurons were infected transsynaptically by the virus and expressed mCherry, displayed in red (n = 36; some not shown here-see Figure S1 , which shows more transsynaptically labeled neurons and the extent of axonal labeling of the same electroporated neuron). Scale bars: 500 mm in (A), 50 mm in (B), and 100 mm in (C).
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Targeting Single Neuronal Networks expressed YFP but did not express mCherry tended to show dimmer YFP fluorescence than the dual-labeled neurons (e.g., white arrow in Figure 2B ), suggesting that lower expression of the gene constructs, including TVA, might have reduced the probability of infection by SADDG-mCherry(EnvA). Slices that showed no expression of the electroporation constructs had no expression of mCherry from the rabies genome in any cells (n = 16 slices, data not shown), further supporting previously published evidence that EnvA pseudotyped virus does not infect cells in the absence of TVA (Lewis et al., 2001; Wickersham et al., 2007b) .
These results show that the infection and monosynaptic retrograde spread of the EnvA pseudotyped, G-deleted rabies virus can be targeted to a single neuron in a cultured brain slice. Tracing the inputs to a single neuron using single-cell electroporation in a slice provides a standalone method to identify monosynaptic inputs to a single neuron, and removes the ambiguity present in other methods that transfect a population of neurons with the gene for TVA and thus cannot distinguish connectivity relationships at the single-cell level. The optimal single-cell tracing parameters determined in culture were used to help establish an efficient strategy for targeting the inputs to a single neuron in vivo, described below.
Tracing Monosynaptic Inputs to Single Neurons In Vivo
To trace monosynaptic inputs to a single neuron in vivo, we used the ''shadow patching'' technique visualized under twophoton microscopy (Kitamura et al., 2008) to target a single neuron for electroporation with a patch pipette in individual anesthetized C57 BL/6 mice ( Figure 3 and Movie S1, available online; see Supplemental Experimental Procedures for animal care). Importantly, only one neuron was electroporated in each animal for tracing experiments. A 10-12 MU patch pipette was filled with intracellular solution, 50 mM of Alexa Fluor 488 or 594 dye, and 450 ng/ml of plasmid DNA (either 450 ng/ml of pCAG-YTB, a single plasmid encoding the three genes for venusYFP, TVA, and RabiesG, or 150 ng/ml each of the plasmids pCMMP-TVA800, pHCMV-RabiesG, and either pCAG-mCherry or pCAG-venusYFP; see Experimental Procedures). The pipette was advanced in the brain until the tip reached layer 2/3 of primary visual cortex (V1), and positive pressure was applied to the back of the pipette to fill the extracellular space with dye. Given that the dye is not actively taken up by neurons and instead accumulates in the extracellular space, the cells appeared as dark shadows on a bright background in the thin optical slice ( Figure 3B and Movie S1) (Kitamura et al., 2008; Nevian and Helmchen, 2007) . A cell with large, round cell body morphology (i.e., likely a pyramidal neuron) was selected near the location of the tip. The pipette was advanced toward the cell under visual control until the resistance of the electrode increased by 20%-30% (e.g., a total resistance of 13 MU for a 10 MU pipette), after which the $20 mmHg of pressure maintained on the pipette was released, and the electroporation pulses were delivered (À12V square wave 500 ms pulses delivered at 50 or 100 Hz for 1 s; Judkewitz et al., 2009; Kitamura et al., 2008) . Electroporation success was verified by immediate filling of the soma with Alexa dye ( Figure 3B 3 and Movie S1). The pipette was withdrawn promptly with special care not to disturb the cell's membrane. The location of the cell was documented, in some cases the brain was covered with a silicone elastomer (Kwik-Cast), and the animal was recovered. One to three days later, the animal was reanesthetized and 0.9-1 ml of concentrated SADDG-EGFP(EnvA) or SADDG-mCherry (EnvA) was injected at least 200 mm lateral to the location of the electroporated cell at a depth of approximately 250 mm below the dura to optimize infection probability and cell viability. The virus used in each experiment expressed a fluorescent marker that complemented the color of the marker expressed from electroporation in order to uniquely label the postsynaptic neuron and its presynaptic inputs. The brain was covered with Kwik-Cast in some cases and the animal was recovered. Five days later, or 15 days later in one experiment, the animal was perfused with 4% paraformaldehyde in phosphate buffer, the brain was sectioned at 40 mm sagittal sections, and the brain was processed for histological analysis (See Experimental Procedures). To assess the success of each experiment, the entire hemisphere in which the cell was electroporated was systematically scanned for fluorescent cells indicating viral infection or transfection by electroporation. In all cases in which a neuron was successfully electroporated and infected by the pseudotyped rabies virus (n = 6), dozens to nearly one hundred other neurons were transsynaptically labeled by the virus (mean = 48.7, range from 14 to 97), the majority of which formed a cluster surrounding the electroporated neuron (Figures 4 and S2) . The greatest number of neurons were labeled transsynaptically by the rabies virus when injections were made 3 days after electroporation (n = 3), and the least were observed with a 1 day time interval (n = 1). When electroporation was unsuccessful (n = 8), no neurons were found expressing the fluorescent protein from the rabies genome, indicating that there was not any nonspecific infection of the EnvA pseudotyped virus in the absence of TVA. This provides further evidence for the specificity of the EnvA-TVA interaction, and suggests that all of the neurons expressing the fluorescent marker from the rabies genome in these experiments were either directly infected via the EnvA-TVA interaction (electroporated neurons) or infected transsynaptically via rabies glycoprotein complementation of the G-deleted rabies virus in the electroporated neurons. Overall, transsynaptic labeling of inputs to single neurons was achieved in just over one-third of all electroporation attempts (6 successes and 11 failures in 17 attempts). When attempts were unsuccessful it was usually due to failure of electroporation transfection (8/17), and sometimes due to failure to infect the electroporated neuron (3/17).
The intricate morphology of labeled neurons was clearly visible in all cases, including details such as dendritic spines and axons ( Figures 4B, 4C , 4E, 4G, and S2D). This labeling made it possible to classify the cell type of labeled neurons based on morphology, and to omit any labeled glial cells from the analysis (3/6 experiments contained glial cells labeled by the rabies virus near the injection site, constituting 10.4% [34/326] of all rabies-labeled cells). The mechanism of glial labeling in these experiments is unknown. Several transsynaptically labeled visual-cortical pyramidal neurons were found, locally in layer 2/3 ( Figures 4A, 4B , and S2A), and in deeper cortical layers more distally ( Figures 4A, 4C , 4G, S2A, and S2D). It was possible to characterize 22 neurons as putative excitatory neurons labeled transsynaptically by the virus from the host neuron in Figure 4A , based purely on the obvious presence of spiny dendrites. The remaining 75 neurons labeled transsynaptically in this experiment did not clearly show spiny dendrites and the majority of these neurons are likely to represent a diverse interneuron population, including cells with multipolar ( Figure 4D ) and bipolar ( Figure S2C ) morphologies. Many neurons were found at distances of over 200 mm lateral to the host neuron. For example, at least 18.6% (18/97) of all labeled neurons had cell bodies located more than 200 mm lateral to the host neuron in Figure 4A (white boxes in Figures 4A and  4C-4G ). This included connections that were detected and intricately labeled by the single-cell tracing strategy at distances of up to over a centimeter away from the host neuron in subcortical structures such as the hypothalamus ( Figure 4F ) and thalamus ( Figure S2E ). Given that a typical cortical brain slice used for electrophysiology experiments is 300-400 mm thick and does not typically include subcortical structures, these connections would have been entirely missed by in vitro analyses since they would be cut during preparation. The fact that neurons at great distances from the host neuron could be labeled by the rabies virus in such detail exemplifies the ability of the rabies virus to replicate and amplify gene expression in presynaptic neurons.
These results demonstrate this methodology's ability to reliably and intricately label monosynaptic inputs to a single neuron in vivo, and target a single postsynaptic neuron and its presynaptic neuronal network for independent gene expression.
DISCUSSION
In the present study, we developed and implemented a technique for robust and reliable targeting of single neuronal networks in vitro and in vivo. In every case in which a neuron was electroporated and infected with pseudotyped rabies virus, there was successful transsynaptic labeling of the direct inputs to that cell. This led to an overall success rate of more than one-third of in vivo attempts. It is now possible to identify and probe a single microcircuit in vivo, differentiating it from the vast web of connections that comprise the intact brain. We demonstrated the utility of the technique by targeting single layer 2/3 pyramidal neurons in mouse neocortex for infection and monosynaptic, retrograde spread of a modified rabies virus in order to reveal direct proximal and distal inputs from throughout the intact brain, in vivo. Combining single-cell electroporation with a genetically modifiable, monosynaptic tracing rabies virus targets a single neuron and its direct inputs for independent gene control, paving the way for functional and genetic dissection of circuit development and information processing with single-cell resolution at the molecular-genetic level.
Comparison to In Vitro Methods
The results presented here demonstrate the ability to target at least dozens of inputs to a single neuron for gene expression and fluorescent labeling both in vitro and in vivo. This offers a far higher yield for determining connectivity of neurons than multiunit recordings in brain slices, even when correlation analyses are used to predict likely connections (Aaron and Yuste, 2006; Kozloski et al., 2001; Peterlin et al., 2000) , and provides independent gene control of connected neurons. Furthermore, when applied in vivo, distal and potentially rare connections can be identified that would otherwise be severed or missed by slice recording experiments. Moreover, the in vivo singlecell tracing strategy may provide a means to probe the function of single neuronal microcircuits with single-cell resolution and genetic control in the intact animal. This should make it possible to probe single neuronal networks in vivo in relation to ongoing sensory information and behavior.
The single-cell tracing strategy could also be used to improve the throughput of in vitro paired recording studies by labeling the inputs to a single neuron in slice culture to guide recordings of connected neurons, in a more precise way than what was shown previously (Wickersham et al., 2007b) . A similar goal could be achieved by making acute slices from an animal in which the inputs to a single neuron were labeled in vivo. In this case,
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Targeting Single Neuronal Networks functional tuning properties of labeled neurons could be determined in the living animal and then related to functional connectivity information gained from paired recordings of the same neurons in acute slices made from the same animal. However, these studies would be limited to pairs that maintained their connection during slicing, despite the fact that many of the connections between neurons would likely be severed during slicing (Stepanyants et al., 2009 ).
Application to Fine-Scale Circuit Anatomy
Given high levels of fluorescent gene expression from single-cell electroporation transfection and rabies infection, in addition to the ability to amplify labeling using specific antibodies, the detailed morphology of each neuron within a microcircuit is labeled by the single-cell tracing technique. This makes it possible to determine the location and characterize the cell type of labeled neurons by morphological analysis in addition to other histological analyses, such as antibody stains to distinguish different interneuron types (Kawaguchi and Kondo, 2002) . Determining the detailed cell morphology and cell-type-specific connectivity pattern of single neuronal networks will add crucial details to realistic models of circuit computation and help reveal information processing mechanisms used by single neurons and microcircuits in vivo. To aid these analyses, the single-cell tracing strategy could be applied in Brainbow transgenic mice (Livet et al., 2007 ) using a rabies virus expressing Cre recombinase so as to label each neuron in the circuit with a unique color. This may help distinguish the dendritic and axonal processes of each neuron in the circuit and provide a way to predict the precise subcellular location of synapses on the postsynaptic neuron from uniquely colored presynaptic neurons, yielding even greater fine-scale details about the pattern of connectivity within a single neuronal network (also see Petreanu et al., 2009 ). Comparing detailed connectivity patterns revealed by the single-cell tracing strategy within and across neuronal classes will help determine whether a basic pattern of microcircuitry exists across different brain areas (Douglas et al., 2003; Douglas and Martin, 2004; Silberberg et al., 2005; Thomson and Bannister, 2003) . In this way, it will help evaluate the extent to which the billions of neurons that comprise the brain can be meaningfully characterized into one of potentially thousands of neuronal cell types based on connectivity, and affect how well we can extrapolate knowledge from studying single neurons and microcircuits and use it for understanding circuit organization and function throughout different brain regions.
These analyses will be improved by the ability to label a greater fraction of the inputs to a single neuron (Crick, 1979) . It is likely that the data presented here are an underestimate of the number of neurons providing input to a single layer 2/3 pyramidal neuron. The total number of neurons that provide input to a single layer 2/3 pyramidal neuron could be estimated by dividing the total number of synapses a single layer 2/3 pyramidal neuron receives by the number of synapses formed between each pair of connected neurons. The literature provides estimates of these numbers for a limited set of neurons, cortical areas, and species. Furthermore, several assumptions have been made in these studies, such as extrapolating across age, cell type, brain area, and/or species, and differences in methods of preparation and analysis lead to ambiguities, especially when comparing across studies. The estimates we perform below are guilty of these same caveats. We provide them here only to illuminate a sense of the potential range of the number of neurons that provide input to a single layer 2/3 pyramidal neuron in rodent visual cortex.
DeFelipe and Fariñ as (1992) estimated that the total number of synapses a layer 2/3 pyramidal neuron in rat visual cortex receives is between 10,682 and 14,575, based primarily on spine count data, with corrections made for estimated proportions of synapses formed on dendritic shafts, and onto the same spine as another synapse. The primary data for this estimate are from Larkman (1991) , a study that used dye filling of neurons in acute slice preparations to label neurons for spine distribution analysis. As stated earlier, spine density has been shown to increase dramatically as a result of slice preparation compared with tissue fixed in vivo (Kirov et al., 1999) . In hippocampal slices made from postnatal day 21 rats, an age likely to be similar to the age used in the Larkman study, this increase was 90%. Using this increase as an estimate for the increase in spine density induced in the Larkman (1991) data results in 5662 to 7671 estimated synaptic contacts. Interestingly, this correction almost Figure 1 . Transfection of electroporated plasmids was confirmed by expression of mCherry in the neuron (inset) and by infection of the neuron by SADDG-EGFP(EnvA), and by glycoprotein-mediated transsynaptic spread of rabies virus to presynaptic neurons, where the virus expressed EGFP (green). A cluster of a variety of interneuron cell types and pyramidal cells was found surrounding the electroporated neuron shown in (A) and extending onto adjacent 40 mm sections (for example, B; some sections not shown). Many other neurons were also found throughout the brain, located several hundred microns to over a centimeter away from the host neuron (C-G). Regardless of distance from the host neuron, the morphology of neurons was labeled in intricate detail, and it was possible to characterize the cell type of labeled neurons based on morphology. A total of 97 neurons were labeled transsynaptically by the virus in this experiment. All panels in this figure are from the same animal. Blue is NeuN staining of neuronal nuclei. (B) Adjacent medial section to (A). Dendrites from the electroporated neuron (yellow) can be seen extending onto this section, as well as the neuron's descending axon (indicated by white arrow). (C) Higher-magnification image of the pyramidal neuron indicated by the lower white box in (A). This neuron was located over 400 mm caudal to the host neuron, in the same lateral-medial plane. The detailed morphology of the neuron is clearly visible, with complete filling of the neuron's dendritic spines and axon. This image only shows a small fraction of the elaboration of the neuron's processes. Some of these features are visible in (B) (similar location to that in A). (D) Higher-magnification image of the interneuron indicated by the upper white box in (A). This neuron was located over 200 mm caudal to the host neuron, in the same lateral-medial plane. The complete filling of the neuron's dendritic tree permitted characterization of the neuron as a layer 2/3 multipolar inhibitory neuron (more dendrites visible in B). Dozens of other interneurons were found in this experiment, representing a variety of cell types. (E) A projection neuron found several hundred microns away from the host neuron in retrosplenial cortex. (F) A neuron transsynaptically labeled in hypothalamus. Despite the over 1 cm distance from the host neuron, the brightness of label in this cell was comparable to that of the other neurons labeled throughout the brain. (G) A visual cortical projection neuron labeled in complete detail, located over 200 mm lateral to the host neuron. Scale bars: 100 mm in (A) and (B); and 25 mm in (A) (inset) and (C)-(G).
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Targeting Single Neuronal Networks entirely accounts for the difference in spine density of layer 2/3 pyramidal neurons between the Larkman (1991) study and an earlier study of layer 2/3 pyramidal neurons fixed in vivo (Peters and Kaiserman-Abramof, 1970) . For further comparison, Schü z and Palm (1989) estimated that the average number of synapses per neuron is between 6700 and 7000 in area 17 of the mouse, based on electron microscopy data and volume estimates, although this study did not take into account differences based on cell type.
The above estimates do not account for the number of synapses a presynaptic neuron makes on a postsynaptic neuron. An explicit estimate of the number of neurons that provide input to a layer 2/3 pyramidal neuron in rodent visual cortex could be calculated by dividing the total number of synapses by the number provided by each connected pair. The best estimates of cortico-cortical connection number are limited to select pairs of neurons, but consistently report approximately four to five synapses between a single presynaptic and a single postsynaptic neuron by both anatomically and functionally constrained analyses (Feldmeyer et al., 2002; Markram et al., 1997; Silver et al., 2003; Stepanyants and Chklovskii, 2005; Tamá s et al., 2004; Wang et al., 2006) . Further studies are necessary to determine how these numbers compare to connections between different types of neurons. Using four to five synapses per connected pair results in an estimate of 1132 to 1918 neurons that provide input to a single layer 2/3 pyramidal neuron. With respect to age, spine elimination between the assumed time point used for the Larkman (1991) study (roughly one month old), and the age range used in the current study (2-3 months old), has been shown to be approximately 25% of pyramidal dendrites in superficial layers in mouse visual cortex (Grutzendler et al., 2002) . Applying this factor to be directly proportional to the number of total inputs eliminated leads to an estimate of 849 to 1439 neurons providing input to a single layer 2/3 pyramidal neuron. Thus, even with all the assumptions and caveats of these estimates used to predict the number of inputs to a single neuron, it is probable that the majority of inputs to the single neurons studied here were not transsynaptically labeled with rabies virus.
To our knowledge, the present study is the first of its kind to evaluate the spread of rabies virus from a single neuron, and thus we know of no previous estimates that exist to compare the efficiency of spread of rabies from single neurons in the single-cell tracing strategy to the natural spread of wild-type rabies. The result that the most neurons were labeled transsynaptically by the virus in the experiments with the longest time interval between electroporation and virus injection supports the hypothesis that the timing and expression levels of rabies glycoprotein are key factors in the efficiency of spread of the virus to presynaptic neurons. It is likely that the exogenous introduction of the rabies glycoprotein by electroporation of plasmid DNA does not reliably mimic the precise timing and expression levels of the gene from the wild-type rabies genome. The life cycle of rabies virus is tightly self-regulated, as has been demonstrated by extremely low recovery rates of rabies virus from cDNA (Schnell et al., 1994) . Rabies virus budding efficiency has also been shown to increase by up to 30-fold in culture in the presence versus absence of glycoprotein, indicating a role for the glycoprotein in virus budding efficiency (Mebatsion et al., 1996a) . Furthermore, rabies virus particles are only infectious when they are studded with glycoprotein (Etessami et al., 2000; Wickersham et al., 2007b) . More precisely controlling the expression of rabies glycoprotein in the targeted neuron may lead to more efficient viral budding and transsynaptic infection. Modulating endogenous regulatory gene expression mechanisms within the rabies virus (i.e., mutations of the M protein to facilitate increased mRNA nuclear export; Faria et al., 2005) , or utilizing conditional gene expression systems to more tightly control the expression pattern of glycoprotein (Banaszynski et al., 2008; Gossen and Bujard, 2002) , in future studies may yield more efficient transsynaptic spread of the virus from the electroporated neuron. These approaches may be further facilitated once more is known about the precise pattern of expression of rabies virus proteins over fine timescales, and about the mechanisms underlying the glycoprotein-mediated transsynaptic spread of the virus. Additional studies investigating the distribution of inputs onto the postsynaptic neuron analyzed by electron microscopy may yield fundamental details about the number of inputs labeled by the single-cell tracing strategy as a function of cell type and dendritic target domain, as well as the fraction of total synapses labeled by the virus and additional details about the types of synapses labeled and at what rate of efficiency. A combination of improvements of the efficiency of spread of the virus, and additional analyses such as the electron microscopy studies suggested above, may yield an increasingly complete anatomical description of each single targeted neuronal network.
Targeting Single Neuronal Networks for Gene Expression
To facilitate genetic studies of circuit development and function, the two mechanisms of genetic manipulation provided by the single-cell tracing strategy can be utilized. Genes of interest can be included in either the single-cell electroporation transfection or in the transsynaptic tracing rabies virus genome (Judkewitz et al., 2009; Wickersham et al., 2007a) . In this way, independent gene control of the postsynaptic neuron alone or of the entire targeted microcircuit is possible. By adapting conditional gene expression systems, it should also be possible to target the presynaptic neuron population independently from the postsynaptic neuron. The ability to target a single microcircuit, or some combination of its circuit elements, for genetic manipulation opens the possibility to precisely probe and manipulate neuronal function using genetically encoded activity sensors and modulators (e.g., ChR2, genetically encoded calcium indicators [GECIs] , and allatostatin receptor [AlstR]; see Luo et al., 2008 for a review), and to determine the role of specific genes in circuit development (e.g., specific transcription factors) or information processing (e.g., specific ion channels). By simultaneously measuring the activity of the postsynaptic neuron, while precisely modulating spiking activity of specific presynaptic neurons, or expression of specific genes in the presynaptic or postsynaptic neuron, it should be possible to determine cause-effect relationships between presynaptic activity and/or specific gene expression, and the output activity of the postsynaptic neuron.
Studying Information Processing by Single Neuronal Networks In Vivo
Perhaps the most significant contribution the single-cell tracing strategy will make to neuroscience will be in its application in probing the function of single neuronal networks, with singlecell resolution and molecular precision in vivo. Future studies will be necessary to combine the single-cell tracing strategy with functional assays of neuronal activity. However, previous evidence suggests that these applications of the tracing technique will be possible and may provide unprecedented access to the function of single neuronal networks in vivo.
It has been shown that single neurons transfected by singlecell electroporation, or infected by G-deleted rabies virus, in vivo can be recorded from using standard electrophysiology techniques several days or up to weeks later. Furthermore, these neurons show normal physiological properties (Judkewitz et al., 2009; Kitamura et al., 2008; Wickersham et al., 2007a Wickersham et al., , 2007b . In the single-cell tracing strategy, because the postsynaptic neuron is labeled by a different fluorescent protein than its presynaptic inputs, it should be possible to target patch recordings to either a postsynaptic neuron or a presynaptic neuron, or potentially both simultaneously, using targeted patch recordings in vivo (Judkewitz et al., 2009; Kitamura et al., 2008; Margrie et al., 2003; Poulet and Petersen, 2008) . These recordings could be used to determine the functional influence (i.e., synaptic strength) of presynaptic neurons on the postsynaptic neuron, or to measure the tuning properties of connected neurons in relation to specific types of information. To achieve a similar goal, optical sensors of neuronal activity, such as calcium sensitive dyes (Ohki et al., 2005) , could be used in vivo to simultaneously characterize the function of a large population of connected neurons labeled by the single-cell tracing strategy, compared with unlabeled neighboring neurons. For example, this strategy could be used in the visual system to investigate whether neurons with similar visual tuning properties are connected. Comparing the activity of connected neurons may inform models of the integration a neuron performs on its specific inputs in time to generate its own unique firing pattern, and help answer many longstanding questions about how information is conveyed and processed throughout a neuronal network.
These applications of the single-cell tracing strategy, in addition to the functional, anatomical, and genetic applications discussed and validated in the above sections, provide a framework for direct analysis of the fine-scale structure and function of single neuronal networks in the living brain. This level of identification, analysis, and control of single neuronal networks has not been possible until now, especially in vivo, and may greatly improve our understanding of the mechanisms underlying microcircuit structure, development, and computation throughout the intact, functioning brain.
Conclusion
A central hypothesis guiding neuroscience research is that the brain processes information through the combined computation of billions of single neurons organized into precisely connected neuronal networks. In this view, a single neuron is the brain's most basic computational unit; it transforms its specific inputs in time to generate its unique, discrete output, similarly influencing the output response of postsynaptic neurons. Surviving the lifetime of the organism, a neuron relies on adaptable protein expression patterns (e.g., ion channels), morphological features (e.g., shape of dendrites and dendritic spines) and other intrinsic properties to dynamically filter its specific inputs to determine its output firing pattern. This computation occurs continuously over time for every neuron, and it is through the combined information processing of single neurons organized into ever increasingly large and overlapping neuronal networks that the brain performs the diverse and complex computations that determine perception, cognition, and behavior. Unraveling this inapproachably complex process requires a dramatic simplification of the problem. Here, we developed and implemented a robust and reliable method to target a single neuronal microcircuit in vivo for fine-scale anatomical and genetic analyses. Applying the technique, we identified monosynaptic inputs to single neocortical pyramidal neurons from across the living mouse brain, isolating them from the millions of connections that surrounded them. We also demonstrated the ability to target cellular components of a single microcircuit for expression of genes of interest. Combining the power of anatomical tracing with genetic manipulation and existing assays of neuronal function, it should be possible to gain greater insights into the mechanisms supporting information processing by single neuronal networks and determine the link between connectivity and function of single neurons throughout the brain.
EXPERIMENTAL PROCEDURES Brain Slice Culture
All experiments involving living animals were approved by the Salk Institute's Institutional Animal Care and Use Committee. Cortical brain slices were prepared from 5-to 7-day-old rats and incubated at 37 for 2 days before electroporation, as described previously for ferrets (Dantzker and Callaway, 1998) . On the day of electroporation, slices were individually transferred from a CO 2 incubator to a slice physiology rig and submerged in culture medium. The experiment was limited in time so that each slice was transferred back to the incubator within $30 min. In some experiments, multiple cells were electroporated per slice to test the reliability of the experiment. In other experiments, a single cell was electroporated in each slice. The electroporation parameters were À10V to À12V square pulses, 0.5-1 ms duration at 100 Hz for 1 s, with an increase of 20%-30% in resistance of a 10-12 MU pipette during patching, based on previous studies of single-cell electroporation (Kitamura et al., 2008; Rae and Levis, 2002; Rathenberg et al., 2003) . The pipette contained the following plasmids in standard intracellular solution: pCMMP-TVA800 [75-150 ng/ml], pHCMV-RabiesG [50-100 ng/ml], and pCAG-venusYFP [50-100 ng/ml]. After 1-2 days, 200 ml/well of modified rabies virus supernatant (see below) was applied to the surface of the slices. The slices were incubated another 24 hr, and the culture medium was changed. The slices were fixed in 4% paraformaldehyde after two to five additional days. The tissue was antibody stained using antibodies against GFP (Aves Labs) and DsRed (Clontech), and secondarily stained to increase signal (Cy2, Jackson Immuno and Alexa Fluor 568, Invitrogen). Images were acquired on an epifluorescence microscope (Olympus).
In Vivo Two-Photon Microscopy, Surgery, and Imaging Chamber These procedures are described in Supplemental Experimental Procedures.
In Vivo Single-Cell Electroporation
The in vivo single-cell electroporation protocol was adapted from previous studies (Judkewitz et al., 2009; Kitamura et al., 2008) . The most relevant parameters are described here, and a more detailed protocol is available
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Targeting Single Neuronal Networks online (See Supplemental Experimental Procedures). For tracing experiments, only one neuron was electroporated in each animal. The artificial cerebrospinal fluid (ACSF) was removed from the imaging chamber and a pipette containing intracellular solution, Alexa Fluor 488 or 594 dye (50 mM, Invitrogen), and plasmid DNA (450 ng/ml total concentration of either pCAG-YTB or 150 ng/ml of each of the following plasmids: pCMMP-TVA800, pHCMV-RabiesG, and either pCAG-mCherry or pCAG-venusYFP), was placed over the craniotomy within the microscope's field of view. The pipette was advanced through the dura while positive pressure pulses (>100 mmHg) were applied to the back of the pipette with a syringe until the pipette reached a depth of 175-225 mm below the pial surface of V1. Positive pressure was applied to the back of the pipette to fill the extracellular space with dye. The pipette location was optimized to approach a single cell with pyramidal cell body morphology. Once the pipette was in close proximity to the cell, the pressure was lowered to approximately 20 mmHg. The pipette was advanced toward the cell until the resistance increased by 20%-30% of the electrode. The patch was also observed under two-photon microscopy and a small dimple in the cell membrane filled with dye was sometimes observed forming around the pipette tip ( Figure 3B 2 and Movie S1). At this point, the pressure was released on the pipette and the electroporation pulses were delivered. Fifty or one hundred square wave voltage pulses were delivered at 50 or 100 Hz, respectively, with an Axoporator 800A (Molecular Probes). The pulses were 500 ms in duration and À12V in amplitude (Judkewitz et al., 2009; Kitamura et al., 2008) . Electroporation success was verified by immediate filling of the cell body with dye. The pipette was then retracted slowly following a 30 diagonal trajectory, as was the case during entry. The craniotomy was covered in some cases with Kwik-Cast silicone elastomer (WPI) and the incision was sutured. The animal was recovered on a water recirculating heating pad and returned to its housing.
Virus Production and Injection
For slice culture experiments, EnvA pseudotyped rabies virus was produced as previously described (Wickersham et al., 2007b) . The virus was further concentrated for in vivo injections by ultracentrifugation following a protocol for lentivirus production (Tiscornia et al., 2006) . A protocol was recently published that also describes the ultracentrifugation steps as well as further details for production of high-titer EnvA pseudotyped rabies virus (Wickersham et al., 2010) . Biological titers on TVA-expressing cells were 5.1 3 10 8 /ml and 7.7 or 9.4 3 10 7 /ml for SADDG-EGFP(EnvA) and SADDG-mCherry(EnvA), respectively, for in vivo injections. One to three days after electroporation, the animal was anesthetized and prepared for surgery, and placed in a small stereotaxic device. The silicone covering was removed and the brain rinsed with ACSF. The location of the cell was estimated using a sketch of the blood vessel pattern and landmarks as a reference. In some experiments, the same region was imaged with twophoton microscopy and the cell location was confirmed based on fluorescent gene expression, but this step was not necessary. A pipette with a 25-30 mm outer diameter tip, cut to a sharp angle, was lowered to directly penetrate the dura perpendicular to the brain surface at least 200 mm lateral to the estimated cell location in an area void of blood vessels and lowered to 250 mm below the pial surface. Nine-tenths to one microliter of virus was injected over 10-20 min, the pipette was left in place for 5-10 min, and then the pipette was withdrawn. During injection, 5-10 ms pulses at 1.5 s intervals at 20 PSI or continuous pressure of approximately 0.5-1 PSI were applied to the back of the pipette with a Picospritzer (General Valve) or a syringe, respectively. The brain was rinsed with ACSF, Kwik-Cast silicone elastomer was applied directly to the brain in some cases, and the skin incision was sutured. The animal was recovered and returned to its housing.
Histology
Five days after viral injection, or fifteen days later in one case, the animal was perfused with phosphate buffered saline followed by 4% paraformaldehyde in phosphate buffer. The brain was postfixed overnight in 4% paraformaldehyde in phosphate buffer and then transferred to 30% sucrose in phosphate buffered saline overnight. The brain was sectioned on a freezing microtome at 40 mm thickness sagittally. The tissue was incubated in blocker solution for 2 hr and then incubated overnight at 4 C with antibodies against GFP (Aves Labs), DsRed (Clontech), and NeuN (Millipore) to amplify endogenous fluorescent gene expression and label neuronal nuclei. The tissue was washed and then incubated in secondary antibodies (Cy2, Rhodamine Red-X, AMCA, Jackson Immuno) for 2-3 hr at room temperature. The tissue sections were washed and then mounted on glass slides and coverslipped with PVA-DABCO. The entire hemisphere in which the experiment took place was scanned on an epifluorescence microscope for fluorescently labeled cells in experimental and control animals, and the number of fluorescent neurons was quantified. In some cases, the contralateral hemisphere was also examined. Glial cells were sometimes observed near the injection site ( Figure S2A ), but these cells were excluded from the analysis based on morphology. Images were acquired on a confocal microscope (Leica) for in vivo data and displayed as maximum z projections, and multiple fields of view were integrated to form the montage images in Figures 4A and 4B . Images were acquired on an epifluorescence microscope (Olympus) for in vitro data.
SUPPLEMENTAL INFORMATION
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